Borromean rings or links are topologically complex assemblies of three entangled rings where no two rings are interlinked in a chain-like catenane, yet the three rings cannot be separated. We report here a metallacycle complex whose crystalline network forms the first example of a new class of entanglement. The complex is formed from the self-assembly of CuBr 2 with the cyclotriveratrylenescaffold ligand (±)-tris(iso-nicotinoyl)cyclotriguaiacylene. Individual metallacycles are interwoven into a 2D chainmail network where each metallacycle exhibits multiple Borromean ring-like associations with its neighbours. This only occurs in the solid state, and also represents the first example of a crystalline infinite chainmail 2D network. Crystals of the complex were twinned and have an unusual hollow tubular morphology likely resulting from a localised dissolutionrecrystallisation process.
The formation of Borromean entanglements within crystalline network materials such as coordination polymers was first recognized by Ciani and co-workers, 32 and is often referred to as a Borromean weave. Since then, a number of 2D coordination polymers that exhibit a Borromean weave have been reported, and examples have been compiled within two articles. 21, 33 In all the cases that we are aware of, the Borromean structural relationships in a Borromean weave are between infinite connected networks. We report herein the first example of a network that is formed by entangled but independent discrete rings to form a 2D chainmail motif which contains multiple Borromean-like associations. This occurs from the self-assembly of CuBr 2 and a cavitand ligand with a cyclotriveratrylene (CTV) scaffold, (±)-tris(iso-nicotinoyl)cyclotriguaiacylene L1.
Interestingly, this is also the first example of a crystalline infinite 2D chainmail motif regardless of the manner of entanglement. 6 ]. This metallacycle also forms host-guest associations with the two adjacent rings through the ligated DMSO guests and host L1 ligands. These three metallacycles form a Borromean ring association where no two rings form a catenane, yet the three rings cannot be separated without breaking one of them. This can be most easily appreciated from the schematic of Fig. 2d where the metallacycles are shown with only the connectivity between the Cu(II) centres and L1 ligands given. As can be seen, the grey ring loops under the green ring and over the purple ring; the green ring loops over grey and under purple, while the purple ring loops under grey and over green. This is equivalent to the Venn type Borromean rings shown in Fig. 1b is not itself a Borromean ring but rather is an infinite network that contains an infinite number of finite Borromean-ring associations. To the best of our knowledge, this represents a new and unclassified type of entanglement.
Not only is the entanglement of metallacycles in complex 1 new, it is, to the best of our knowledge, the first chemical example of a chainmail crystalline network involving macrocycles. A chainmail requires chemically independent rings to be mechanically interlocked and can be characterized as a 0D (individual rings) to 2D (chainmail network) motif. Such a network has been envisaged through infinite [2] catenane links 23 but the closest examples have been [2] catenane infinite chains of metallacycles (0D to 1D), 24, 25 and a 2D network where coordination chains of fused metallacycles link together through catenane formation (1D to 2D). 26 Polycatenation also occurs in organic polymers and oligomers. 39, 40 Catenane chainmail motifs do occur in biology, notably in viral capsids. 41 There are also examples of coordination cages being linked through catenane formation into chain motifs, 28 and into 3D infinite frameworks. 27 In the crystal lattice of 1 the metallacycle chainmail layers stack along the c crystallographic axis. Between the chainmail layers there are face-to-face - stacking interactions between the uncoordinated iso-nicotinoyl groups of adjacent layers at ring centroid separations 3.67 and 3.78 Å, and between some phenyl groups at 3.64 Å, Fig. 4a . The manner in which the layers pack together creates small pockets within the lattice which are lined by the methylene groups of the L1 ligands.
There are two crystallographically distinct examples of these pockets, and they are occupied by Br Analogous complexes were not isolated through use of CuCl 2 or CuI 2 in place of CuBr 2 . Powder Xray difraction indicates that the bulk material is predominantly one phase (see Supplementary Information) and that the material remains crystalline after drying under vacuum. Inspection by optical microscopy and scanning electron microscopy (SEM) reveals that many of the crystals are
hollow with an open-ended tube-like morphology. There was no bulk morphological differences observed between crystals kept under mother liquor and those dried under vacuum, and multiple batches of crystals gave similar morphologies. A selection of FEG-SEM images of different crystals of complex 1 is given in Fig. 5 and in Supplementary Information Figures 9-12 . The holes that run through the crystals are aligned along the long needle axis and are macroscopic in size but do not occur uniformly throughout a batch. That is, the solid-shell-to-macropore ratio varies considerably from crystal to crystal. Fig. 5a for example, shows a crystal where there is only a thin shell of material surrounding the pore, while the crystal shown in Fig. 5b features a much thicker shell.
Generally, the larger needles have thinner shells. Complex 1 was only observed to grow as clusters of needles from a solid central cluster core (Supplementary Information Fig. 11 ). Close inspection of the small solid needles reveals that some have a series of very small holes along the needle axis, The formation of hollow, tubular crystals of organic material remains relatively rare but can occur through a number of proposed mechanisms. These include preferential dissolution of the centre of a rod-like crystal, 43 spontaneous dissolution-recrystallisation processes of single crystals 44 or of assemblies of precursor nanoparticles, 45 dissolution-recrystallisation processes induced by sonochemistry 49 or by solution-mediated dehydration or solvent-exchange of solvate crystals, 46 rolling up of layered crystals, 47 or through crystal growth under diffusion limited conditions with a high crystallisation rate. 48 The observations of complex 1 detailed above, notably the small holes in the small solid needles and formation of large tubular crystals from the solid needles on an increase in temperature (and thus solubility), are consistent with the tubular morphology being due to a spontaneous localised dissolution-recrystallisation process that occurs around the initial crystals.
The manner in which the solid needles are aligned, see highlighted section of Fig. 5e , suggests that more than one needle may template the growth of each tubular crystal, which is consistent with the twinned natured of the crystals. The behaviour of complex 1 in mother liquor is remarkably similar to the crystallisation behaviour reported by Su and co-workers for a Ag I coordination polymer with a Borromean weave entanglement. 44 They propose that their system initially grows as small rodshaped crystals which undergo a rod-to-tube transformation through a localised dissolutionrecrystallisation process.
In conclusion, the self-assembly and crystallisation of [Cu 6 Br n (L1) 6 ] metallacycles has resulted in the formation of the first chemical example of a crystalline 0D to 2D infinite chainmail motif, and complements previously reported 0D to 1D 24, 25, 28 and 0D to 3D 27 crystalline assemblies.
The chainmail does not form through catenane formation but rather features an infinite array of it is notable that none of these assemblies were constructed using strong templating effects to achieve the threading or molecular entanglement. Leigh and co-workers have recently commented that "the control of molecular topology remains an almost entirely unconquered challenge for synthetic chemistry" 3 and serendipitous and previously unconsidered discoveries such as this one serve to further raise the challenge for ourselves and the synthetic supramolecular community at large.
Methods
(±)-Tris(iso-nicotinoyl)cyclotriguaiacylene was synthesised according to literature methods, 38 and all other chemicals were obtained from commercial sources and were used as supplied. X-ray structural analysis of 1. A crystal of complex 1 was mounted on a MiTeGen loop under oil and X-ray diffraction data were collected on an Agilent SuperNova diffractometer with Cu-K  radiation ( = 1.54184 Å) at 100(1) K. Data were corrected for Lorentz and polarization effects and absorption corrections were applied using multi-scan methods. The structure was solved by direct methods and refined by block-matrix least-squares on F 2 using the SHELX suit of programmes. 50 The crystals were twinned and the structure was refined using the twin law 0 1 0 1 0 0 0 0 -1. The batch scale factor refined to 0.551. All non-hydrogen atoms were refined anisotropically with restraints on displacement parameters, aside from some DMSO and partially occupied lattice Brpositions which were refined isotropically. One DMSO molecule was refined with bond length restraints and a group U iso . Hydrogen atoms were included at calculated positions with a riding 
